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Abstract
Moisture is the most important factor influencing the quality and calorific value of fuel wood. 
Drying models for estimating the optimal storage time based on average moisture change in 
fuel wood stacks stored outdoors have been developed for different stem wood piles. Models are 
an easy option for making an estimate of the moisture content of an energy wood pile if 
compared with sampling and measuring the moisture of samples. In this study, stem wood 
models were validated against data from forest companies. Fourteen reference piles of covered 
pine stem wood and 8 piles of uncovered pine stem wood were studied. The results of the 
validation are promising. The difference between the measured and modelled moisture was on 
average only 0.3% with covered piles and 2.5% with uncovered piles. The models presented 
can be implemented in every location in Finland, because the Finnish Meteorological Institute 
has a database for interpolated meteorological observations covering the whole country in a 
10 km x 10 km grid. For international use, model parameters need to be estimated case by case, 
but it should also be possible to implement the approach itself worldwide.
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1. Introduction
Thinning is a harvesting method mostly used in 
Europe	and	within	plantations	all	over	 the	world.	







rising	 transportation	 costs	 are	 forcing	 biomass	
suppliers	 towards	 better	 moisture	 content	 (MC)	
management	in	the	supply	chain.	Biomass	fuel	quality	
is	 often	 defined	 by	 the	 calorific	 value,	 and	 lower	
moisture	content	results	in	increasing	calorific	value	
(Hartmann	and	Kaltschmidt	2001,	Stokes	et	al.	1987).	
Natural drying is used to reduce the moisture content 






surrounding	microclimate	 (Routa	 et	 al.	 2015).	 In	
Nordic	 conditions,	 the	moisture	 content	 of	wood	











important	 part	 of	 the	 drying	 process.	 The	 most	
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important	parameters	are	evaporation,	precipitation,	






piles	 in	racks	built	on	 load	cells	 (Erber	et	al.	2012,	
2014).This	methodology	allows	moisture	changes	to	
be	monitored	 in	much	more	 detail	 than	previous	
sampling	methods.	The	method	also	gives	the	moisture	
of	the	whole	pile,	which	is	challenging	in	determening	











Dong-Wook	 and	Murphy	 (2013)	 have	 developed	
different	 drying	models	 for	 different	 species.	All	
approaches	to	fuel	wood	moisture	content	modelling	
have	one	common	target	variable:	moisture	contents	
or rather the alteration in moisture content during a 
specific	period.	The	alteration	can	be	explained	by	a	
large	 variety	 of	 explanatory	 variables,	 such	 as	
meteorological	 variables,	 parameters	 of	 storing,	
material	type	and	duration	of	storage.	Today’s	practice	









validate	 the	model.	Changes	 in	moisture	 content	
were	linked	to	weather	conditions	and	microclimate.	
The	model	should	be	easy	to	apply	to	the	planning	




piles,	which	 should	consist	of	 similar	material	 as	
regards	 assortment	 and	 tree	 species.	 The	models	
developed	were	validated	against	real	life	data	from	
forest	companies.













racks	 to	avoid	 them	drying	 too	quickly.	The	small	
diameter	energy	wood	stems	of	pine	were	piled	up	by	
a	machine	into	the	metal	racks	at	the	end	of	March	



















Kriging	 interpolation	 method	 (Venäläinen	 and	
Heikinheimo	2002).
Fig. 1 Drying racks with small diameter stems at Mekrijärvi 
 Research Station
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The	mean	 annual	 precipitation	 in	 this	 area	 is	
668	mm,	and	the	mean	annual	temperature	2.1	°C.	The	
mean	snow	depth	in	the	Mekrijärvi	area	is	approx.	
45–65	 cm	 in	 the	winter	months.	 In	 the	winter	of	
2012–2013,	snow	depth	was	close	to	the	average	and	
the	permanent	snow	cover	period	was	typical.	The	






































of	 the	moisture	 content	within	 the	 stem	 could	 be	




































Fig. 2 Precipitation (mm) during the effective drying period at 
 Mekrijärvi Research Station in 2012
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model	 and	 non-linear	 model.	 Temperature,	
precipitation,	evaporation,	wind	speed	and	humidity	
were	 used	 as	 determining	 variables.	 Also,	 net	
evaporation	was	tested.	Net	evaporation	means	the	
difference	between	evaporation	and	precipitation.	In	









critical level at p<0.05.	 The	Mann-Whitney	 test	 is	




3.1 Results of modelling
Stand	models	and	 roadside	 storage	models	 for	
small	 diameter	 stem	wood	were	developed	using	
three	different	approaches:	linear	regression,	multiple	




Fig. 3 Moisture samples taken from chip piles








F 784.7 171.3 355.5
p 0.000 0.000 0.000
R2 0.705 0.726 0.766
Standard error 0.17 0.17 0.15
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Using	 the	 models	 starts	 with	 determining	 the	
moisture	content	of	fresh	wood.	For	that	reason,	average	


















Fig. 4 Difference between measured and modelled moisture with 
different model types, pine stem wood, covered




Moisture content (i)=moisture content(i–1)–DMC
Model Coef. Const. R2 SE
Pine birch mix, covered 0.062 0.051 0.70 0.2
Pine birch mix, uncovered 0.062 0.039 0.64 0.2
Table 3 Moisture of fresh stem wood depending on the cutting month in Finland
Moisture content of fresh stem wood, monthly, %
Species Jan Feb March April May June July Aug Sep Oct Nov Dec
Pine 57 57 57 56 56 55 55 57 57 57 57 57
Birch 45 45 45 46 48 42 42 42 42 44 45 45
Fig. 5 Measured and modelled moisture content of 14 different 
covered energy wood piles
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On	average,	the	difference	was	only	0.3%.	A	statistical	
test	was	 carried	out	 (Mann-Whitney	 test)	 and	 the	
difference	between	the	measured	and	modelled	value	
was	not	statistically	significant	(p=0.7)
3.2.2 Uncovered stem wood model
The validation results against the uncovered stem 
wood	model	 are	 shown	 in	Table	 5	 and	Fig.	 6.	The	
difference	between	the	measured	and	the	modelled	
moisture	content	varied	from	1	to	14%	in	8	different	















In	this	study,	a	 forecast	model	 for	 the	moisture	
content	of	small	size	stems	in	roadside	storage	in	both	
cases,	 uncovered	 and	 covered	 piles,	 have	 been	
developed.	With	the	detailed	experimental	data,	the	
non-linear	 regression	 model	 produced	 the	 best	
statistical	values.	However,	when	the	models	were	
Table 4 Measured and modelled moisture content, difference, % and difference in % units of 14 different covered energy wood piles








and modelled moisture, %
Difference between measured
and modelled moisture, units
1 44.68 45.04 –0.36 0.36
2 46.85 43.90   2.94 2.94
3 45.50 48.94 –3.44 3.44
4 53.12 54.28 –1.16 1.16
5 62.07 61.82   0.25 0.25
6 36.60 39.75 –3.16 3.16
7 54.28 50.27   4.01 4.01
8 55.77 55.15   0.62 0.62
9 55.95 55.13   0.82 0.82
10 60.43 57.90   2.54 2.54
11 60.78 60.07   0.70 0.70
12 26.40 32.35 –5.95 5.95
13 47.7 42.64   5.06 5.06
14 50.3 48.76   1.54 1.54
Average 50.03 49.71   0.32 2.33
Fig. 6 Measured and modelled moisture content of 8 different 
uncovered energy wood piles
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validated	with	the	imprecise	data	from	real	life,	the	




The	models	 presented	 can	 be	 implemented	 at	
every	 location	 in	 Finland,	 because	 the	 Finnish	
Meteorological	Institute	has	a	database	for	interpolated	
meteorological	 observations	 covering	 the	 whole	
country	in	a	10	km	x	10	km	grid.	For	international	use,	
model	parameters	needs	to	be	estimated	case	by	case,	




especially	 from	 a	 scientific	 perspective.	However,	
nowadays	 the	 weather	 observation	 network	 is	
relatively	 sparse	 in	 most	 countries	 to	 represent	
different	areas	well.	For	example,	in	Finland	radiation	
measurements,	which	 are	 needed	 to	 calculate	 the	
evaporation,	are	only	made	at	a	few	stations.
Therefore,	 using	 gridded	 data,	 despite	 its	
limitations,	is	the	best	option	when	intended	for	wide	
use	for	the	forecast	models.	With	this	application,	the	












estimate	 how	 big	 a	 proportion	 of	 the	 snow,	 for	
example,	 ends	 up	 in	 the	 heating	 plant	 and	 then	
increases	the	final	moisture	value	of	the	pile.	In	the	
validation	data	of	 this	 study,	 there	were	 two	piles	
uncovered	(piles	5	and	6),	which	were	stored	over	the	
winter,	and	 the	difference	of	 the	moisture	content	




Data	 for	 the	 forecast	 models	 originates	 from	






melted	 snow	penetrates	 the	 stacks.	When	 energy	






should	 be	 increased	 during	 the	winter	 period	 by	
approximately	5%	units.
Measuring	the	moisture	content	in	different	phases	
of	 supply	 chain	 is	 challenging.	 Exact	 moisture	
Table 5 Measured and modelled moisture content, difference, % and difference in % units of 8 different uncovered energy wood piles










and modelled moisture, %
Difference between measured
and modelled moisture, units
1 2 55.83 57.25 –1.42 1.42
2 4 46.97 53.51 –6.54 6.54
3 7 41.58 42.56 –0.98 0.98
4 9 45.66 48.09 –2.43 2.43
5 12 56.00 41.93 14.07 14.07
6 15 47.20 36.24 10.96 10.96
7 17 40.74 39.23 1.51 1.51
8 21 37.02 32.53 4.49 4.49
Average 46.38 43.92 2.46 5.30
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the	 moisture	 content	 of	 an	 energy	 wood	 pile	 if	
compared	with	sampling	and	measuring	the	moisture	
of	 samples.	Models	 are	 also	 a	 considerably	more	
reliable	method	for	allocation	and	prioritisation	of	













already using automated continuous moisture 
metering.	 If	 the	 chain	 of	 custody	 is	 proof,	 this	
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